The vibrational spectra of hydrogen and parameters of H diffusion in the coarse-grained C15-type system ZrCr 2 H 3 and in nanostructured ZrCr 2 H 3 have been studied by means of inelastic and quasielastic neutron scattering. It is found that the diffusive motion of hydrogen in coarse-grained ZrCr 2 H 3 can be described in terms of at least two jump processes: a fast localized H motion with the jump rate τ deviates from Arrhenius behavior. The nanostructured ZrCr 2 H 3 samples prepared by ball milling consist of C15-type grains and strongly distorted (amorphous-like) regions. H atoms in the strongly distorted regions are found to be immobile on the time scale of our experiments. The microscopic picture of H jump motion in the C15-type grains of the nanostructured samples is similar to that in coarse-grained ZrCr 2 H 3 ; however, the ball milling leads to a considerable decrease in the jump rate τ −1 d .
Introduction
Nanostructured metal-hydrogen systems have received much recent attention, mainly due to their potential for hydrogen storage applications.
Such systems may also serve as model objects for studies of atomic diffusion in inhomogeneous media.
It has been found that, for a number of nanostructured hydrides, the hydrogen absorption and desorption are significantly faster than in their coarsegrained counterparts [1] [2] [3] [4] . However, little is known about the mechanisms responsible for the changes in hydrogen reaction kinetics. Microscopic information on the H jump motion in metal-hydrogen systems can be obtained from nuclear magnetic resonance (NMR) [5] and quasielastic neutron scattering (QENS) [6, 7] measurements. While NMR measurements of nuclear spin relaxation times can probe H jump rates over the frequency range of ∼10 4 -10 10 s −1 , QENS measurements are sensitive to both the frequency (10 8 -10 12 s −1 ) and the spatial scales of H jump motion. In the present work, quasielastic neutron scattering is applied to study the mechanisms and parameters of hydrogen diffusion in the coarse-grained cubic intermetallic hydride ZrCr 2 H 3 and in nanostructured ZrCr 2 H 3 hydrides prepared by ball milling. The Laves-phase intermetallic compound ZrCr 2 can exist in either the hexagonal (C14-type) or the cubic (C15-type) structural modifications, both of which are known to absorb large amounts of hydrogen (up to ∼4 H atoms per formula unit) [8] [9] [10] [11] [12] . According to neutron diffraction measurements [9] [10] [11] , H atoms in C15-type ZrCr 2 H x with x < 3.1 occupy only the tetrahedral g sites with [Zr 2 Cr 2 ] coordination; at higher x, a small fraction of H atoms start to fill the tetrahedral e sites with [ZrCr 3 ] coordination. The cubic ZrCr 2 H x system with x 0.5 shows the highest H diffusivity [13] at T < 200 K among all the intermetallic hydrides studied. One of the interesting features of hydrogen diffusion in Laves-phase compounds is the coexistence of two frequency scales of H jump motion [14] [15] [16] [17] [18] [19] . In most of the cubic Laves phases studied where H atoms occupy only interstitial sites of g type, the faster jump process corresponds to localized H motion within the hexagons formed by g sites (see figure 1) , and the slower process (leading to longrange diffusion) is associated with H jumps from one g site hexagon to another. The difference between the characteristic rates of these jump processes is believed to result from the difference between the g-g distances r 1 (within the hexagon) and r 2 (between the nearest hexagons) [17, 19] . The results of the previous QENS study of cubic ZrCr 2 H 0.45 [20] were consistent with two coexisting H jump processes. It should be noted, however, that the measurements [20] employed the neutron backscattering technique [6, 7] having a very narrow range of neutron energy transfer (or, in other words, a very narrow frequency 'window'). Because of this feature, only one of the two H jump processes could be probed at a given temperature; therefore, the H jump rates of the two processes in ZrCr 2 H 0.45 were measured [20] in different temperature ranges. In the present work, we apply the time-of-flight QENS technique [6, 7] having a wide range of energy transfer to study H jump motion in cubic ZrCr 2 H x with high hydrogen concentration. This gives us an opportunity to probe the two jump processes in the same temperature range.
The first x-ray diffraction study of the effects of ball milling in ZrCr 2 H 3 [21] has revealed that the milling leads to the formation of strongly distorted (amorphous-like) regions coexisting with the cubic C15-type phase. The fraction of these amorphous-like regions is found to increase with increasing milling time. According to proton NMR measurements [21] , the mobility of H atoms in the amorphous-like regions is much lower than in the C15-type phase. However, since the two H jump processes in C15-type ZrCr 2 H x are not resolved by NMR [21] [22] [23] , these measurements cannot give information on the effects of ball milling on the microscopic picture of H motion in the C15-type phase. One of the aims of the present work is to reveal such effects of ball milling using the QENS technique. This is the first study of the microscopic picture of H jump motion in a nanostructured Laves-phase hydride. QENS experiments are complemented by inelastic neutron scattering (INS) studies of the vibrational spectra of hydrogen in coarse-grained and ball-milled ZrCr 2 H 3 . Neutron vibrational spectroscopy allows us to probe the changes in the local environment of H atoms resulting from the ball milling.
Experimental details
The preparation of the samples was analogous to that described in [21] . The starting material for preparation of all the samples was powdered ZrCr 2 H 0.5 with the cubic C15-type host-metal structure and the lattice parameter a = 7.278Å. The coarsegrained (cg) sample of ZrCr 2 H 3 was prepared by removing hydrogen from ZrCr 2 H 0.5 at high temperature (750
• C) and rehydrogenating it to the desired H content in a Sieverts-type vacuum system. The amount of absorbed hydrogen (3.0 ± 0.1 H atoms per formula unit of ZrCr 2 ) was determined from the H 2 pressure change in the calibrated volume of the system. In the following, this sample will be denoted as cg-ZrCr 2 H 3 . Its lattice parameter (a = 7.599Å) is in reasonable agreement with the literature data [9, 11] for ZrCr 2 H x with x ≈ 3. In order to prepare nanostructured samples, ZrCr 2 H 0.5 powder was placed together with brass balls (powder to ball mass ratio 1:140) into a brass vial. The vial was evacuated and subsequently filled with H 2 gas at a pressure of 110 kPa. The mechanical milling was performed at room temperature using a vibrating ball mill for periods t m of 1 and 3 h. In the process of milling, the samples absorbed hydrogen, and, for both values of t m , the final amount of absorbed hydrogen (estimated from the H 2 pressure change in the vial) was approximately three H atoms per formula unit of ZrCr 2 . In the following, the ballmilled (bm) samples with t m = 1 and 3 h will be denoted as bm-ZrCr 2 H 3 (1 h) and bm-ZrCr 2 H 3 (3 h). For both ballmilled samples, x-ray diffraction patterns were similar to those reported in [21] . These patterns consist of the broadened Bragg peaks belonging to the C15-type structure and a very broad amorphous-like feature. The lattice parameters of the C15-type phase (a = 7.608Å for t m = 1 h and a = 7.64Å for t m = 3 h) are close to those found for coarse-grained ZrCr 2 H x with x ≈ 3 [9, 11] . The average grain size estimated from the broadening of the peaks belonging to the C15-type phase is 20 nm for t m = 1 h and ∼10 nm for t m = 3 h.
All neutron scattering experiments were performed at the NIST Center for Neutron Research (Gaithersburg, Maryland, USA). Inelastic neutron scattering measurements of the hydrogen vibrational spectra at 4 K were made on the filteranalyzer neutron spectrometer (FANS) [24] using the Cu(220) monochromator and horizontal collimations of 20 min of arc before and after the monochromator. The measured range of neutron energy loss was 40-210 meV, and the energy resolution was about 4%-5% of the energy transfer. Quasielastic neutron scattering measurements were performed on a disk-chopper time-of-flight spectrometer (DCS) [25] and on a Fermi-chopper time-of-flight spectrometer (FCS) [26] . For the cg-ZrCr 2 H 3 , the temperature dependence of the QENS spectra S exp (Q, ω) (wherehω is the energy transfer andh Q is the elastic momentum transfer) was measured in the range 200-380 K using DCS with the incident neutron wavelength λ = 5.0Å. For this configuration, the energy resolution was 105 μeV (full width at half-maximum), and the Q range studied was 0.54-2.1Å −1 . For the ball-milled ZrCr 2 H 3 samples, the temperature dependence of S exp (Q, ω) was studied in the range 204-375 K using FCS with λ = 4.8Å. For this configuration, the energy resolution was 145 μeV, and the Q range probed was 0.54-2.41Å −1 . At two temperatures (T = 325 and 375 K), QENS spectra for bm-ZrCr 2 H 3 (3 h) were also measured using FCS with λ = 6.0Å; these measurements provided better energy resolution (65 μeV) at the expense of a smaller Q range. The powdered samples were studied in hollow-cylinder Al containers, the sample thickness being 0.3 mm. The sample thickness was chosen to ensure ∼90% neutron transmission and thus minimize multiplescattering effects. For data analysis, the detectors were binned into nine groups. The scattering angles corresponding to the Bragg reflections were excluded from the analysis. The instrumental resolution functions were determined from the measured QENS spectra of the corresponding ZrCr 2 H 3 samples at low temperatures (15 K for DCS and 4 K for FCS).
Results and discussion

Neutron vibrational spectroscopy
The experimental INS spectra for the cg-and bm-ZrCr 2 H 3 samples are shown in figure 2. For the cg-ZrCr 2 H 3 , the shape of the INS spectrum resembles the corresponding shapes found for cubic ZrCr 2 H x with lower hydrogen concentrations (x = 0.9 [27] and x = 0.2 and 0.5 [28] ). However, the spectrum for x = 3 is shifted to somewhat lowerhω values, as compared to the spectra for low-x samples. For example, the onset of the sharp rise in the scattered neutron intensity for cg-ZrCr 2 H 3 is observed at ∼110 meV (figure 2), while for ZrCr 2 H 0.5 a similar rise starts at ∼128 meV [28] . This shift may be related to the lattice expansion at higher H concentrations. The spectral features for cg-ZrCr 2 H 3 are also broader than for the lowx ZrCr 2 H x samples. In fact, for ZrCr 2 H x with x = 0.2 and 0.5, the main peak in the INS spectrum at low temperature is split into two well-resolved peaks of nearly equal intensity [28] . The simplest approach to the description of INS spectra due to localized hydrogen vibrations is based on the model of a three-dimensional Einstein oscillator [29, 30] . For thehω range of fundamental modes, this model predicts three peaks of nearly equal intensity. Depending on the point symmetry of H sites, all or two of these peaks may be degenerate. For hydrogen at g sites of the C15-type lattice, we expect three non-degenerate peaks, since the point symmetry (m) of these sites is lower than axial. General features of the experimental INS spectrum for cg-ZrCr 2 H 3 can be ascribed to H atoms at g sites (two unresolved peaks in the range 110-145 meV and a third peak in the range 145-170 meV). It is natural to attribute the broadening of the spectral features for cg-ZrCr 2 H 3 to the dispersion of the corresponding bands due to H-H interactions.
As can be seen from figure 2, the behavior of the INS spectra in the range 40-100 meV for the ball-milled samples differs markedly from that for coarse-grained ZrCr 2 H 3 . While for cg-ZrCr 2 H 3 , the spectrum shows just a flat background in this range, for the ball-milled samples, the scattered neutron intensity substantially increases with increasing energy transfer. The appearance of such a broad feature in the spectra for the ball-milled samples indicates a wide distribution of local environments of H atoms; it can be attributed to vibrations of H atoms in the regions with a strongly distorted lattice (these regions are also responsible for the 'amorphous-like' features in x-ray diffraction patterns). Note that the relative intensity of the broad feature in the range 40-100 meV increases with increasing milling time. The shape of the spectra in the range 110-170 meV for the ball-milled samples resembles that for cg-ZrCr 2 H 3 . Therefore, the corresponding spectral features can be ascribed to H atoms in a slightly distorted C15-type phase.
Quasielastic neutron scattering spectra
QENS spectra for cg-ZrCr 2 H 3 measured at T = 200 and 225 K can be satisfactorily described by a sum of two components: an 'elastic' line represented by the spectrometer resolution function R(Q, ω) and a resolution-broadened Lorentzian 'quasielastic' line. The relative intensity of the quasielastic component is found to increase with increasing Q, its halfwidth being nearly independent of Q. However, at higher temperatures (T 250 K), the description in terms of a sum of an elastic line and a single Lorentzian quasielastic component leads to systematic deviations of the model QENS spectra from the experimental ones. For these temperatures, a better description of the experimental data can be achieved if a second Lorentzian quasielastic component is added to the model spectra, so the experimental scattering function S exp (Q, ω) is fitted with the incoherent scattering function (1)) to the data. The dotted line represents the elastic component (the spectrometer resolution function), and the broken curves show two Lorentzian quasielastic components.
i , and A 0 + A 1 + A 2 = 1. As an example of the data, figure 3 shows the QENS spectrum of cg-ZrCr 2 H 3 measured on DCS at T = 380 K and Q = 2.07Å −1 . At the first stage of the analysis, we have used the model scattering function (equation (1)) with two amplitudes (A 0 , A 1 , with A 2 = 1 − A 0 − A 1 ) and two half-widths ( 1 , 2 ) which are independent fit parameters. At all the temperatures studied, the intensity of the broader quasielastic component, A 2 (Q), is found to increase with increasing Q, and its half-width 2 appears to be nearly independent of Q. Since these features are typical of a spatially confined atomic motion [6, 7] , the broad quasielastic component is attributed to a fast localized H motion with the jump rate τ −1 l . In this case, the value of 2 should be proportional to τ −1 l , while the Q dependence of A 2 should be related to the geometry of this motion.
The half-width of the narrow quasielastic component, 1 , is found to increase with increasing Q, showing signs of saturation near Q ≈ 2Å −1 . Furthermore, the values of 1 rapidly increase with increasing temperature. These features suggest that the narrow quasielastic component originates from a jump process leading to long-range H diffusion. The intensity of the elastic component, A 0 , for cg-ZrCr 2 H 3 is found to be small (about 7% of the total scattered intensity) and nearly independent of Q and T . This component can be attributed to the residual elastic contribution due to the scattering from host-metal nuclei and, possibly, some trapped protons. Since A 0 and 2 appear to be nearly independent of Q, at the next stage of the analysis, these parameters have been fixed (being equal to their average values at a given temperature). Thus, only A 1 and 1 remain as independent fit parameters. In this case, the fitting procedure becomes quite stable. The solid curve in figure 3 shows the fit of the three-component model (equation (1)) to the data, and the broken curves represent contributions of the different components. (2)) to the data.
QENS spectra for bm-ZrCr 2 H 3 samples are qualitatively similar to those for cg-ZrCr 2 H 3 ; they have been treated in the same way. For both bm-ZrCr 2 H 3 (1 h) and bm-ZrCr 2 H 3 (3 h), the three-component description becomes necessary at T 297 K. This means that, for the ball-milled samples, the narrow Lorentzian component becomes visible at a higher temperature than for cg-ZrCr 2 H 3 (250 K). The most pronounced difference between QENS spectra for the coarse-grained and ball-milled samples is related to the fraction of the elastic line intensity. This fraction, A 0 , is found to be about 0.2 for bm-ZrCr 2 H 3 (1 h) and about 0.3 for bm-ZrCr 2 H 3 (3 h), i.e., considerably higher than for cg-ZrCr 2 H 3 (A 0 ≈ 0.07). The additional fraction of immobile protons in the ball-milled samples can be attributed to H atoms in the 'amorphous-like' regions. In fact, according to NMR data [21] , the mobility of H atoms in these regions is much lower than in the C15-type phase. Therefore, on the time scale of our QENS experiments, H atoms in the amorphouslike regions are seen as immobile. It is interesting to note that comparison of the NMR data for the crystalline C15-type hydrides ZrV 2 H x (D x ) and for the amorphous hydrides of identical compositions [31] has also revealed a significant reduction of the hydrogen mobility in the amorphous samples. The opposite trend in the H mobility for most of the amorphous hydrides studied and their crystalline counterparts [29] is usually attributed to the fact that a structural disorder may give rise to the opening of new 'easy paths' for H diffusion. On the other hand, for Laves-phase hydrides the diffusion barriers are originally quite low, so a structural disorder can only make the H diffusion more difficult.
Parameters of hydrogen motion: long-range diffusion
For cg-ZrCr 2 H 3 , the Q dependences of the half-width 1 of the narrow quasielastic line, as derived from the QENS spectra measured at T = 300, 350, and 380 K, are shown in figure 4 . For the measurements at other temperatures, the 1 (Q) dependences have similar shapes. These shapes are typical of the case of jump motion leading to long-range diffusion [6, 7] . For parametrization of the 1 (Q) dependence, we have used the orientationally averaged Chudley-Elliott model [32] . The corresponding form of 1 
where τ d is the mean time between two successive H jumps leading to long-range diffusion, and L is the effective jump length. The fits of equation (2) to the data are shown by the solid curves in figure 4 . The temperature dependence of the H jump rate τ
resulting from the Chudley-Elliott fits is presented in figure 5 by solid circles. This temperature dependence can be satisfactorily described by the Arrhenius law τ
where E d a is the activation energy for hydrogen diffusion. The solid line in figure 5 shows the Arrhenius fit to the τ [22] , and 73 ± 3 meV for ZrCr 2 H 0.45 , from backscattering QENS experiments [20] ). Thus, the activation energy for long-range H diffusion in ZrCr 2 H x strongly increases with increasing hydrogen concentration. Since the lattice parameter of the C15-type ZrCr 2 H x is known to grow substantially with increasing H content, these results support the idea [19] that the H jump rates (and the corresponding activation energies) in Laves-phase hydrides are very sensitive to changes in the distances between interstitial sites.
The values of L obtained from the Chudley-Elliott fits for cg-ZrCr 2 H 3 are close to 2.0Å at all the temperatures (2)) to the data for the samples with t m = 1 and 3 h, respectively. studied. These effective jump lengths are considerably longer than the distance r 2 between the nearest-neighbor g sites belonging to the adjacent hexagons (see figure 1) . Indeed, the value of r 2 is 1.27, as derived from the neutron diffraction data on the positional parameters of D atoms occupying g sites in ZrCr 2 D x [9, 11] and the actual lattice parameter of cg-ZrCr 2 H 3 . The fact that the effective jump lengths resulting from the Chudley-Elliott fits are considerably longer than r 2 appears to be common for a number of cubic Laves-phase hydrides [16, [18] [19] [20] 33] . This feature can be explained [16, 20] in terms of the model of H motion with two frequency scales: the rate τ l . Such a model implies [16, 20] that τ d is the mean residence time of a hydrogen atom at a g site hexagon (not at a single interstitial site, as is commonly assumed). Since a hydrogen atom may enter a g site hexagon through one site and leave it via another site, the total displacement for the time τ d is the distance between the nearest g sites at the adjacent hexagons plus the additional displacement between the initial and final positions of a hydrogen atom at the hexagon. The half-width 1 is determined by the slower frequency scale τ −1 d ; therefore, the apparent jump length L derived from the Q dependence of 1 would be larger than the distances between the nearest-neighbor interstitial sites. More precisely, we expect a certain distribution of L values ranging from r 2 = 1.27Å to ∼3.1Å (the distance between a g site and the farthest g site at the adjacent hexagon). Hence, the average value L ≈ 2.0Å derived from the Chudley-Elliott analysis seems to be reasonable.
For the ball-milled ZrCr 2 H 3 samples, the Q dependences of 1 resemble those for coarse-grained ZrCr 2 H 3 . As an example of the data, figure 6 shows the Q dependences of 1 for bm-ZrCr 2 H 3 (1 h) and bm-ZrCr 2 H 3 (3 h) at T = 297 K. For both ball-milled samples, these dependences can be satisfactorily described by the Chudley-Elliott model (4)) with fixed r = 1.18Å to the data.
(the dashed and solid curves in figure 6 for t m = 1 h and 3 h, respectively). The values of τ 
Localized hydrogen motion
In this section, we shall focus on the behavior of the broad quasielastic component related to the localized H motion. The geometry of the localized H motion is expected to determine the Q dependence of the elastic incoherent structure factor (EISF) [6, 7] . For QENS spectra described by equation (1), the 'resolution-limited' EISF is defined as
Assuming that the purely elastic component of these QENS spectra is dominated by the host-metal contribution (for cg-ZrCr 2 H 3 ) or by the same contribution and the contribution due to H atoms in the amorphous-like regions (for the bm-ZrCr 2 H 3 samples), we can conclude that the EISF for the hydrogen sublattice in C15-type grains is given by the ratio A 1 / (A 1 + A 2 ) . The Q dependences of the EISF for the H sublattice in cg-ZrCr 2 H 3 at several temperatures are shown in figure 7 . It can be seen that the measured EISF is temperature dependent, decreasing with increasing T . This feature is common to all the Laves-phase hydrides studied [16] [17] [18] [19] [20] 34] . In order to account for this feature, we have to assume that only a fraction p of the H atoms participate in the fast localized motion, and the fraction increases with temperature. The existence of a fraction 1 − p of 'immobile' protons (on the frequency scale of τ −1 l ) is expected to originate from the H-H interaction leading to the formation of some ordered atomic configurations at low temperatures [16] . For example, two H atoms occupying g sites on the same hexagon may block the localized motion over this hexagon. As the temperature increases, such ordered configurations should be progressively destroyed by thermal fluctuations; this results in the observed growth of p with increasing T .
Taking into account the fraction p, the orientationally averaged form of the EISF for the model of localized motion over a regular hexagon with the nearest-neighbor intersite distance r [6, 7] can be written as
where j 0 (x) is the spherical Bessel function of zeroth order. We have found that equation (4) satisfactorily describes the experimental Q dependences of the EISF for cg-ZrCr 2 H 3 . The fit of equation (4) to the measured Q dependence of the EISF at 380 K yields p = 0.285 ± 0.008 and r = 1.23 ± 0.05Å. The fitted r value is close to the nearest-neighbor g-g distance in the g site hexagon, r 1 = 1.18Å, as derived from the structure [9, 11] of ZrCr 2 H 3 . Thus, the observed Q dependence of the EISF for cg-ZrCr 2 H 3 is consistent with the localized H motion over g site hexagons. By fixing the value of r to r 1 = 1.18Å, we have found reasonable fits of the six site model (equation (4)) to the data at all temperatures in the range studied with p as the only fit parameter. These fits are shown by solid lines in figure 7 . The temperature dependence of p resulting from these fits is shown in figure 8 by solid circles. As can be seen from figure 8, the fraction p in cgZrCr 2 H 3 increases by nearly a factor of three in the range 225-380 K. However, we could not satisfactorily describe the temperature dependence of p for cg-ZrCr 2 H 3 in terms of the usual approach [35] based on the assumption of a certain energy gap between 'immobile' and mobile H states. It should be noted that the values of p for cg-ZrCr 2 H 3 are considerably smaller than those found for ZrCr 2 H 0.45 [20] . This supports the idea that the fraction 1 − p of 'immobile' protons originate from H-H interactions.
The jump rate of the localized H motion, τ −1 l , should be proportional to the half-width of the broad quasielastic component. A rigorous description in terms of the six site model [6] suggests that this quasielastic component is a sum of three Lorentzian lines with the half-widths 0.5hτ l , and Q-dependent amplitudes. However, as has been noted previously [16, 36] , because of the limited experimental accuracy, it is difficult to distinguish between such a three-component quasielastic line and a single Lorentzian with a width independent of Q in the case of a rather weak quasielastic line coexisting with a strong elastic one. We have adopted the simplified description based on a single Lorentzian with 2 ≈ 0.55hτ
; such a description is very close to the rigorous one at Qr 1.5 [6] . The jump rates τ
derived from the measured half-widths 2 for cg-ZrCr 2 H 3 are included in figure 5 (solid triangles). As can be seen from this figure, the temperature dependence of τ [19, 34, 37] . At room temperature, the jump rate τ −1 l for cg-ZrCr 2 H 3 is a factor of 27 higher than τ −1 d . Such a value of τ d /τ l is consistent with a rather small difference between r 2 and r 1 for ZrCr 2 H x (r 2 /r 1 ≈ 1.08). For comparison, for the C15-type hydride TaV 2 H x with r 2 /r 1 = 1.45, the ratio τ d /τ l at 300 K exceeds 10 3 [19] . For the bm-ZrCr 2 H 3 samples, the behavior of the EISF for the H sublattice in C15-type grains resembles that for the coarse-grained sample. As an example of the data, figure 9 shows the Q dependences of the EISF at 375 K for bm-ZrCr 2 H 3 (1 h) and bm-ZrCr 2 H 3 (3 h). For the sample with t m = 3 h, the data obtained at two values of the incident neutron wavelength (4.8 and 6.0Å) are shown; they appear to be close to each other. Comparison of figures 7 and 9 indicates that, for the ball-milled samples, the range of the EISF variation is smaller than for the coarse-grained sample at nearly the same temperature. This suggests that the values of p for the bm-ZrCr 2 H 3 samples are smaller than for cg-ZrCr 2 H 3 . For parametrization of the EISF data for the ballmilled samples, we used the six site model (equation (4)) with r fixed to r 1 = 1.18Å. The corresponding fits are shown by solid lines in figure 9 . Reasonable fits of this model to the data have also been found at the other temperatures studied. The values of p resulting from the fits for the ball-milled samples are included in figure 8 . As can be seen from this figure, the results of the fits support our qualitative conclusion that ball milling leads to the decrease in the fraction of H atoms participating in the fast localized motion in C15-type grains. Such a decrease can be attributed to lattice distortions induced Figure 9 . The Q dependence of the elastic incoherent structure factor for the hydrogen sublattice in C15-type grains for the bm-ZrCr 2 H 3 samples at T = 375 K. For bm-ZrCr 2 H 3 (3 h), the results obtained from the measurements at both λ = 4.8 and 6.0Å are shown. The full curves represent the fits of the six site model (equation (4)) with fixed r = 1.18Å to the data. contribution to the low-temperature vibrational spectrum of hydrogen; these atoms are found to be immobile on the time scale of our QENS experiments. The microscopic picture of H jump motion in the C15-type grains of the nanostructured samples is similar to that in coarse-grained ZrCr 2 H 3 . However, the ball milling is found to lead to a considerable decrease in the jump rate τ −1 d and to an increase in the associated activation energy E d a . Another pronounced effect of ball milling is the drop of the fraction of H atoms participating in the fast localized motion in the C15-type grains. This effect can be related to lattice defects appearing in the course of ball milling.
